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(57) ABSTRACT 
A semiconductor device includes a tunnel insulation film 
formed on a semiconductor substrate, a floating gate elec 
trode formed on the tunnel insulation film, an inter-electrode 
insulation film formed on the floating gate electrode, a control 
gate electrode formed on the inter-electrode insulation film, a 
pair of oxide films which are formed between the tunnel 
insulation film and the floating gate electrode and are formed 
near lower end portions of a pair of side surfaces of the 
floating gate electrode, which are parallel in one of a channel 
width direction and a channel length direction, and a nitride 
film which is formed between the tunnel insulation film and 
the floating gate electrode and is formed between the pair of 
oxide films. 

4 Claims, 19 Drawing Sheets 
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1. 

SEMCONDUCTOR DEVICE HAVING 
NITRIDE FILMBETWEEN GATE 

INSULATION FILMAND GATE ELECTRODE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a division of application Ser. No. 
11/937,024, filed Nov. 8, 2007, now U.S. Pat. No. 7,800,160 
and is based upon and claims the benefit of priority from prior 
Japanese Patent Application No. 2006-304364, filed Nov. 9, 
2006, the entire contents of all of which are incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a semiconductor device. 
2. Description of the Related Art 
In recent years, nonvolatile memories, such as NAND flash 

memories, have widely been developed and manufactured. A 
memory cell transistor of the nonvolatile memory includes a 
tunnel insulation film formed on a semiconductor Substrate, a 
floating gate electrode formed on the tunnel insulation film, 
an inter-electrode insulation film formed on the floating gate 
electrode, and a control gate electrode formed on the inter 
electrode insulation film. 

In normal cases, since a silicon oxide film is used for the 
tunnel insulation film, an oxidizing agent easily enters the 
tunnel insulation film during a fabrication process. As a result, 
so-called bird’s beak oxidation occurs, leading to an increase 
in operation Voltage of the memory cell transistor and degra 
dation in reliability. 

It is possible to Suppress progress of birds beak oxidation 
by providing nitride films on the upper and lower surfaces of 
the tunnel insulation film. Jpn. Pat. Appln. KOKAI Publica 
tion No. 2002-353343, for instance, discloses a structure in 
which oximitride films are provided on the upper and lower 
surfaces of the tunnel insulation film. However, if nitride 
films are provided, charge trap density and positive fixed 
charge density increase, leading to degradation in character 
istics and reliability. 
The above-described problem may similarly occur with 

respect to the inter-electrode insulation film of the memory 
cell transistor. Furthermore, the above-described problem 
may similarly occur with respect to gate insulation films of a 
peripheral circuit transistor and a select gate transistor in a 
NAND flash memory. 
As has been described above, in the prior art, no effective 

solution to the problems with the birds beak oxidation has 
been proposed, and it has been difficult to obtain a semicon 
ductor device with excellent characteristics and reliability. 

BRIEF SUMMARY OF THE INVENTION 

A first aspect of the present invention, there is provided a 
semiconductor device comprising: a tunnel insulation film 
formed on a semiconductor Substrate; a floating gate elec 
trode formed on the tunnel insulation film; an inter-electrode 
insulation film formed on the floating gate electrode; a control 
gate electrode formed on the inter-electrode insulation film; a 
pair of oxide films which are formed between the tunnel 
insulation film and the floating gate electrode and are formed 
near lower end portions of a pair of side surfaces of the 
floating gate electrode, which are parallel in one of a channel 
width direction and a channel length direction; and a nitride 
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2 
film which is formed between the tunnel insulation film and 
the floating gate electrode and is formed between the pair of 
oxide films. 
A second aspect of the present invention, there is provided 

a semiconductor device comprising: a tunnel insulation film 
formed on a semiconductor Substrate; a floating gate elec 
trode formed on the tunnel insulation film; an inter-electrode 
insulation film formed on the floating gate electrode; a control 
gate electrode formed on the inter-electrode insulation film; a 
pair of first oxide films which are formed between the floating 
gate electrode and the inter-electrode insulation film and are 
formed near upper end portions of a pair of side Surfaces of the 
floating gate electrode, which are parallel in a channel width 
direction; a first nitride film which is formed between the 
floating gate electrode and the inter-electrode insulation film 
and is formed between the pair of first oxide films; a pair of 
second oxide films which are formed between the inter-elec 
trode insulation film and the control gate electrode and are 
formed near lower end portions of a pair of side surfaces of the 
control gate electrode, which are parallel in a channel width 
direction; and a second nitride film which is formed between 
the inter-electrode insulation film and the control gate elec 
trode and is formed between the pair of second oxide films. 
A third aspect of the present invention, there is provided a 

semiconductor device comprising: a gate insulation film 
formed on a semiconductor Substrate; a gate electrode formed 
on the gate insulation film; a pair of oxide films which are 
formed between the gate insulation film and the gate electrode 
and are formed near lower end portions of a pair of side 
Surfaces of the gate electrode, which are parallel in one of a 
channel width direction and a channel length direction; and a 
nitride film which is formed between the gate insulation film 
and the gate electrode and is formed between the pair of oxide 
films. 
A fourth aspect of the present invention, there is provided 

a semiconductor device comprising: a memory cell transistor 
including: a tunnel insulation film formed on a semiconductor 
Substrate; a floating gate electrode formed on the tunnel insu 
lation film; an inter-electrode insulation film formed on the 
floating gate electrode; a control gate electrode formed on the 
inter-electrode insulation film; and a first nitride film which is 
formed between the tunnel insulation film and the floating 
gate electrode; and a peripheral circuit transistor including: a 
gate insulation film formed on the semiconductor Substrate; a 
gate electrode formed on the gate insulation film; and a sec 
ond nitride film which is formed between the gate insulation 
film and the gate electrode and includes a pair of portions 
which are formed near lower end portions of a pair of side 
Surfaces of the gate electrode, which are parallel in one of a 
channel width direction and a channel length direction, the 
pair of portions being spaced apart from each other. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

FIG. 1 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a first 
embodiment of the present invention; 

FIG. 2 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the first embodiment of the invention; 

FIG. 3 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to another 
modification of the first embodiment of the invention; 

FIG. 4 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a second 
embodiment of the present invention; 
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FIG. 5 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the second embodiment of the invention; 

FIG. 6 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to another 
modification of the second embodiment of the invention; 

FIG. 7 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a third 
embodiment of the present invention; 

FIG. 8 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the third embodiment of the invention; 

FIG. 9 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a fourth 
embodiment of the present invention; 

FIG. 10 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the fourth embodiment of the invention; 

FIG. 11 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a fifth 
embodiment of the present invention; 

FIG. 12 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the fifth embodiment of the invention; 

FIG. 13A and FIG. 13B are cross-sectional views that 
schematically show the structure of a semiconductor device 
according to a sixth embodiment of the present invention; 

FIG. 14A and FIG. 14B are cross-sectional views that 
schematically show the structure of a semiconductor device 
according to a modification of the sixth embodiment of the 
invention; 

FIG. 15A and FIG. 15B are cross-sectional views that 
schematically show the structure of a semiconductor device 
according to another modification of the sixth embodiment of 
the invention; 

FIG. 16A and FIG. 16B are cross-sectional views that 
schematically show the structure of a semiconductor device 
according to a seventh embodiment of the present invention; 

FIG. 17A and FIG. 17B are cross-sectional views that 
schematically show the structure of a semiconductor device 
according to a modification of the seventh embodiment of the 
invention; 

FIG. 18A and FIG. 18B are cross-sectional views that 
schematically show a fabrication step of a semiconductor 
device according to an eighth embodiment of the present 
invention; 

FIG. 19A and FIG. 19B are cross-sectional views that 
schematically show a fabrication step of the semiconductor 
device according to the eighth embodiment of the invention; 

FIG. 20A and FIG. 20B are cross-sectional views that 
schematically show a fabrication step of the semiconductor 
device according to the eighth embodiment of the invention; 

FIG. 21A and FIG. 21B are cross-sectional views that 
schematically show a fabrication step of the semiconductor 
device according to the eighth embodiment of the invention; 

FIG. 22 is a view relating to the fabrication method of the 
semiconductor device according to the eighth embodiment of 
the invention, and shows a part of the structure in enlarged 
scale; 

FIG. 23 is a view relating to the fabrication method of the 
semiconductor device according to the eighth embodiment of 
the invention, and shows a part of the structure in enlarged 
scale; 

FIG. 24 is a view relating to the fabrication method of the 
semiconductor device according to the eighth embodiment of 
the invention, and shows a part of the structure in enlarged 
scale; 
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4 
FIG. 25A and FIG. 25B are cross-sectional views that 

schematically show a fabrication step of a semiconductor 
device according to a ninth embodiment of the present inven 
tion; 

FIG. 26A and FIG. 26B are cross-sectional views that 
schematically show a fabrication step of the semiconductor 
device according to the ninth embodiment of the invention; 

FIG. 27A and FIG. 27B are cross-sectional views that 
schematically show a fabrication step of the semiconductor 
device according to the ninth embodiment of the invention; 
and 

FIG. 28 is a view relating to the fabrication method of the 
semiconductor device according to the ninth embodiment of 
the invention, and shows a part of the structure in enlarged 
scale. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the present invention will now be 
described with reference to the accompanying drawings. In 
the embodiments, nonvolatile memories, such as NAND flash 
memories, are exemplified as semiconductor devices. 

Embodiment 1 

FIG. 1 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a first 
embodiment of the present invention. Specifically, FIG. 1 is a 
cross-sectional view taken along a channel length direction 
(bit line direction) of a memory cell transistor of a nonvolatile 
memory. 
The memory cell transistor is formed in a device formation 

region which is surrounded by isolation insulation films (not 
shown). Specifically, the memory cell transistor includes a 
tunnel insulation film 2a formed on a semiconductor Sub 
strate 1, a floating gate electrode 3 formed on the tunnel 
insulation film 2a, an inter-electrode insulation film 6 formed 
on the floating gate electrode 3, and a control gate electrode 7 
formed on the inter-electrode insulation film 6. A pair of 
impurity diffusion layers 9, which become source/drain 
regions, are formed in a Surface region of the semiconductor 
substrate 1. A region between the pair of impurity diffusion 
layers 9 becomes a channel region. Electrode sidewall oxide 
films 8 are formed on sidewalls of the floating gate electrode 
3 and on sidewalls of the control gate electrode 7. Further, the 
memory cell transistoris covered with an interlayer insulation 
film 10. 
A pair of oxide films 8a is formed on inner sides of the 

electrode sidewall oxide films 8. The pair of oxide films 8a are 
formed between the tunnel insulation film 2a and the floating 
gate electrode 3 and are formed near lower ends of a pair of 
side surfaces of the floating gate electrode 3 (i.e. a pair of side 
surfaces which are parallel in the channel width direction). 
Each of the oxide films 8a has a wedge shape with a width 
gradually increasing from an upper side toward a lower side. 
A nitride film 2c is formed on an upper surface of the tunnel 

insulation film 2a. The nitride film 2c is formed between the 
tunnel insulation film 2a and the floating gate electrode 3, and 
is formed between the pair of oxide films 8a. 
A pair of oxide films 8b is formed on a lower surface of the 

tunnel insulation film 2a. A distal end of each of the oxide 
films 8b is positioned on the inside of an extension plane of 
the interface between the electrode sidewall oxide film 8 and 
the floating gate electrode 3. A nitride film 2b is formed on a 
lower surface of the tunnel insulation film2a. The nitride film 
2b is formed between the pair of oxide films 8b. 
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In this description, the film 2a is referred to as “tunnel 
insulation film'. However, a stack film of the films 2a, 2b and 
2c Substantially functions as the tunnel insulation film. 
A silicon Substrate is used as the semiconductor Substrate 

1, and the floating gate electrode 3 is formed of a silicon film. 
A lower layer portion of the control gate electrode 7 (i.e. a 
portion inside the electrode sidewall oxide films 8) is formed 
of a silicon film, and an upper layer portion of the control gate 
electrode 7 is formed of, e.g. a metal film. 
The tunnel insulation film 2a is formed of a silicon oxide 

film which contains silicon and oxygenas major components. 
Nitrogen may be contained in the silicon oxide film. The 
nitride film 2b and nitride film 2care formed of silicon nitride 
films which contain silicon and nitrogen as major compo 
nents. Oxygen may be contained in the silicon nitride films. 
The nitride film 2b and nitride film 2c may be silicon oxyni 
tride films having nitrogen concentration higher than oxygen 
concentration. The oxide films 8a, oxide films 8b and elec 
trode sidewall oxide films 8 are formed of silicon oxide films 
which contain silicon and oxygen as major components. 
Nitrogen may be contained in the silicon oxide films. 
As has been described above, in the present embodiment, 

the nitride film 2c is formed on the upper surface of the tunnel 
insulation film 2a, and the nitride film 2b is formed on the 
lower surface of the tunnel insulation film 2a. Progress of 
birds beak oxidation during the fabrication process can be 
prevented by the nitride films 2b and 2c. Therefore, an 
increase of writeferase operation Voltage can be suppressed, 
and degradation in reliability of the memory cell transistor 
can effectively be suppressed. 

In the present embodiment, the oxide films 8a are formed at 
both end portions of the nitride film 2c. Specifically, in the 
vicinity of the lower end portions of the floating gate elec 
trode 3, the oxide films 8a are present between the floating 
gate electrode 3 and the tunnel insulation film 2a, and the 
nitride film 2c is not present between the floating gate elec 
trode 3 and the tunnel insulation film 2a. Thus, in the vicinity 
of the lower end portions of the floating gate electrode 3, there 
is no charge trap state due to the nitride film 2c. Therefore, at 
the time of the rewriting operation which makes use of a 
tunnel current or a hot carrier current, the charge trap amount 
can be reduced near the lower end portions of the floating gate 
electrode 3, and the reliability of the memory cell transistor 
can greatly be improved. Moreover, in the present embodi 
ment, the oxide films 8b are formed at both end portions of the 
nitride film 2b. Thereby, the charge trap amount near the 
lower end portions of the floating gate electrode 3 can further 
be reduced, and the reliability of the memory cell transistor 
can greatly be improved. 

Therefore, the present embodiment can provide a memory 
cell transistor with excellent characteristics and reliability, 
wherein the progress of birds beak oxidation can be sup 
pressed and the charge trap amount can be reduced. 

Next, the outline of the fabrication process of the semicon 
ductor device shown in FIG. 1 is described. 
To begin with, a nitride film (silicon nitride film) 2b, a 

tunnel insulation film (silicon oxide film) 2a and a nitride film 
(silicon nitride film) 2c are successively formed on the sur 
face of the semiconductor Substrate 1. Subsequently, a phos 
phorus-doped polysilicon film is formed as a floating gate 
electrode film on the nitride film 2c. Then, the floating gate 
electrode film, nitride film 2c, tunnel insulation film 2a, 
nitride film 2b and semiconductor substrate 1 are patterned, 
thereby isolation trenches (not shown) are formed. After iso 
lation insulation films (not shown) are formed in the isolation 
trenches, an inter-electrode insulation film 6 is formed. Fur 
ther, a control electrode film is formed on the inter-electrode 
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6 
insulation film 6. Subsequently, the control electrode film, 
inter-electrode insulation film 6 and floating gate electrode 
film are patterned, thereby a control electrode 7 and a floating 
gate electrode 3 are formed. 

Thereafter, an oxidizing process is performed in an atmo 
sphere containing oxygen radicals. Thereby, electrode side 
wall oxide films 8 are formed on side surfaces of the elec 
trodes. In addition, by this oxidizing process, oxide films 8a 
and oxide films 8b are formed. The oxygen radicals can not 
easily enter the silicon nitride films, but can easily enter the 
silicon oxide films. At this time, since the oxygen radicals and 
silicon oxide films react easily, the length of entrance is less 
than in cases of ordinary oxygen gas and water vapor, and is 
typically 10 nm or less. Since the oxygen radicals can trans 
form the silicon nitride film surfaces into silicon oxide films, 
the silicon nitride films provided on the upper and lower sides 
of the region, where the oxygen radicals have entered, can 
easily be changed into silicon oxide films by choosing proper 
oxidizing process conditions. As a result, the oxide films 8a 
and oxide films 8b, as shown in FIG. 1, can be formed. 

FIG. 2 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the first embodiment. Specifically, FIG. 2 is a 
cross-sectional view taken along the channel length direction 
(bit line direction) of the memory cell transistor of the non 
Volatile memory. The basic structure is the same as shown in 
FIG. 1. Thus, a detailed description of the parts common to 
those described with reference to FIG. 1 is omitted here. 

In the modification shown in FIG. 2, the nitride films 2b 
and 2c are formed near lower end portions of the floating gate 
electrode 3, and are not formed near a central portion of the 
floating gate electrode 3. Specifically, the nitride film 2c 
includes a pair of portions which are formed near lower ends 
of a pair of side surfaces of the floating gate electrode 3 (i.e. 
a pair of side surfaces which are parallel in the channel width 
direction), and the pair of portions are spaced apart. Similarly, 
the nitride film 2b, like the nitride film 2c, includes a pair of 
portions which are spaced apart. 

In this modification, too, the same advantageous effects as 
with the memory cell transistor shown in FIG. 1 can be 
obtained. In this modification, however, compared to the 
structure shown in FIG. 1, the effect of suppressing the birds 
beak oxidation decreases. It is thus necessary to restrict pro 
cess conditions, for example, to lower the process tempera 
ture in the oxidation step in the semiconductor device fabri 
cation process. Instead, by virtue of the absence of the nitride 
film in the central region of the channel, scattering of carriers 
flowing in the cannel hardly occurs, which is considered to 
occur due to fixed charge that is present in the nitride film. As 
a result, the mobility of the carriers increases, and the on 
current of the transistor can be increased. In addition, since 
the positive fixed charge density decreases, the threshold 
voltage of the transistor rises and the off-current of the tran 
sistor can be decreased. 

Next, the outline of the fabrication process of the semicon 
ductor device shown in FIG. 2 is described. 
To begin with, a tunnel insulation film (silicon oxide film) 

2a is formed on the surface of the semiconductor substrate 1. 
Subsequently, a phosphorus-doped polysilicon film is formed 
as a floating gate electrode film on the tunnel insulation film 
2a. Then, the floating gate electrode film, tunnel insulation 
film 2a and semiconductor substrate 1 are patterned, thereby 
isolation trenches (not shown) are formed. After isolation 
insulation films (not shown) are formed in the isolation 
trenches, an inter-electrode insulation film 6 is formed. Fur 
ther, a control electrode film is formed on the inter-electrode 
insulation film 6. Subsequently, the control electrode film, 
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inter-electrode insulation film 6 and floating gate electrode 
film are patterned, thereby a control electrode 7 and a floating 
gate electrode 3 are formed. 

Thereafter, a thermal nitriding process is performed in an 
atmosphere containing a nitriding gas such as nitric oxide gas, 
nitrous oxide gas or ammonia gas. In this thermal nitriding 
process, the process conditions are so set that the diffusion 
length of the nitriding gas in the silicon oxide film may 
become less than half the channel length. Thereby, the silicon 
nitride film 2b and silicon nitride film 2c, as shown in FIG. 2, 
can be formed. At the same time, silicon oximitride films or 
silicon nitride films are formed on sidewalls of the electrodes. 
Subsequently, an oxidizing process is performed in an atmo 
sphere containing oxygen radicals. Thereby, oxide films 8a 
and 8b are formed. In addition, the silicon oximitride films or 
silicon nitride films formed on the electrode sidewalls are 
transformed into silicon oxide films, and the electrode side 
wall oxide films 8 are formed. 

FIG. 3 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to another 
modification of the first embodiment. Specifically, FIG. 3 is a 
cross-sectional view taken along the channel length direction 
(bit line direction) of the memory cell transistor of the non 
Volatile memory. The basic structure is the same as shown in 
FIG. 1 and FIG. 2. Thus, a detailed description of the parts 
common to those described with reference to FIG. 1 and FIG. 
2 is omitted here. 

In the modification shown in FIG.2, each of the oxide films 
8a has a wedge shape. In the modification shown in FIG. 3, 
each of the oxide films 8a has a rectangular shape. 

In this modification, too, the same advantageous effects as 
with the memory cell transistors shown in FIG. 1 and FIG. 2 
can be obtained. In the structures shown in FIG. 1 and FIG.2, 
since the angles at lower end corners of the floating gate 
electrode 3 are large (typically, larger than 90 degree), the 
concentration of electric field can be suppressed. In the struc 
ture shown in FIG. 3, since the angles at lower end corners of 
the floating gate electrode 3 are not large, there is a possibility 
that tunnel current may concentrate due to the concentration 
of electric field. However, since no nitride films are present at 
the regions where the current concentrates, a variation of the 
threshold Voltage hardly occurs due to charge trap. 

Next, the outline of the fabrication process of the semicon 
ductor device shown in FIG. 3 is described. 
To begin with, by the same method as described with 

reference to FIG. 1, the control electrode 7 and floating gate 
electrode 3 are formed. Then, using a chemical Such as hot 
phosphoric acid, the silicon nitride film 2c is selectively 
etched. At this time, the silicon nitride film 2c near lower end 
portions of the floating gate electrode 3 can be removed by 
controlling the etching time and etching temperatures. There 
after, a thermal oxidation process is performed in an atmo 
sphere containing an oxidizing gas Such as oxygen gas or 
water vapor. Thereby, electrode sidewall oxide films 8 are 
formed on side surfaces of the floating gate electrode 3 and 
control electrode 7. In addition, by this oxidizing process, 
oxide films 8a are formed near lower end portions of the 
floating gate electrode 3. 

Embodiment 2 

FIG. 4 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a second 
embodiment of the invention. Specifically, FIG. 4 is a cross 
sectional view taken along the channel width direction (word 
line direction) of a memory cell transistor of the nonvolatile 
memory. The basic structure is the same as shown in FIG. 1. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
Thus, a detailed description of the parts common to those 
described with reference to FIG. 1 is omitted here. 
As shown in FIG.4, the memory cell transistoris formed in 

a device formation region which is Surrounded by isolation 
insulation films 5. The isolation insulation films 5 are buried 
in isolation trenches, and isolation trench sidewall insulation 
films 4 are formed on surfaces of the isolation trenches. 
A pair of oxide films 4a and a pair of oxide films 4b are 

formed on inner sides of the isolation trench sidewall insula 
tion films 4. The pair of oxide films 4a are formed between the 
tunnel insulation film 2a and floating gate electrode 3 and are 
formed near lower ends of a pair of side surfaces of the 
floating gate electrode 3 (i.e. a pair of side Surfaces which are 
parallel in the channel length direction). Each of the oxide 
films 4a has a wedge shape with a width gradually increasing 
from an upper side toward a lower side. The pair of oxide 
films 4b are formed between the tunnel insulation film 2a and 
the device formation region of the semiconductor Substrate 1, 
and are formed near upper ends of a pair of side surfaces of the 
device formation region (i.e. a pair of side Surfaces which are 
parallel in the channel length direction). Each of the oxide 
films 4b has a wedge shape with a width gradually increasing 
from a lower side toward an upper side. 
A nitride film 2c is formed on an upper surface of the tunnel 

insulation film 2a. The nitride film 2c is formed between the 
tunnel insulation film 2a and the floating gate electrode 3, and 
is formed between the pair of oxide films 4a. A nitride film 2b 
is formed on a lower surface of the tunnel insulation film 2a. 
The nitride film 2b is formed between the tunnel insulation 
film 2a and the device formation region of the semiconductor 
substrate 1, and is formed between the pair of oxide films 4b. 
The materials of the tunnel insulation film 2a, nitride film 

2b and nitride film 2c are the same as described in the first 
embodiment. The oxide films 4a, oxide films 4b and isolation 
trench sidewall insulation films 4 are formed of silicon oxide 
films which contain silicon and oxygenas major components. 
Nitrogen may be contained in the silicon oxide films. 
As has been described above, in the present embodiment, 

the nitride film 2c is formed on the upper surface of the tunnel 
insulation film 2a, and the nitride film 2b is formed on the 
lower surface of the tunnel insulation film 2a. Progress of 
birds beak oxidation during the fabrication process can be 
prevented by the nitride films 2b and 2c. Therefore, an 
increase of writeferase operation Voltage can be suppressed, 
and degradation in reliability of the memory cell transistor 
can effectively be suppressed. 

In addition, in the present embodiment, the oxide films 4a 
are formed at both end portions of the nitride film 2c. Spe 
cifically, in the vicinity of the lower end portions of the 
floating gate electrode 3, the oxide films 4a are present 
between the floating gate electrode 3 and the tunnel insulation 
film 2a, and the nitride film 2c is not present between the 
floating gate electrode 3 and the tunnel insulation film 2a. 
Thus, in the vicinity of the lower end portions of the floating 
gate electrode 3, there is no positive fixed charge or charge 
trap state due to the nitride film 2c. Therefore, the off-current 
of the memory cell transistor can be reduced and malfunction 
can be prevented, and the reliability of the memory cell tran 
sistor can greatly be improved. Moreover, in the present 
embodiment, the oxide films 4b are formed at both end por 
tions of the nitride film 2b. Therefore, the positive fixed 
charge and the charge trap state can further be reduced, and 
the reliability of the memory cell transistor can greatly be 
improved. 

Therefore, the present embodiment can provide a memory 
cell transistor with excellent characteristics and reliability, 
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wherein the progress of birds beak oxidation can be sup 
pressed and the fixed charge amount can be reduced. 

Next, the outline of the fabrication process of the semicon 
ductor device shown in FIG. 4 is described. 
To begin with, a nitride film (silicon nitride film) 2b, a 

tunnel insulation film (silicon oxide film) 2a and a nitride film 
(silicon nitride film) 2c are successively formed on the sur 
face of the semiconductor Substrate 1. Subsequently, a phos 
phorus-doped polysilicon film is formed as a floating gate 
electrode film on the nitride film 2c. Then, the floating gate 
electrode film, nitride film 2c, tunnel insulation film 2a, 
nitride film 2b and semiconductor substrate 1 are patterned, 
thereby isolation trenches are formed. 

Thereafter, an oxidizing process is performed in an atmo 
sphere containing oxygen radicals. Thereby, isolation trench 
sidewall oxide films 4 are formed on side surfaces of the 
isolation trenches. In addition, by this oxidizing process, 
oxide films 4a and oxide films 4b are formed. The oxygen 
radicals can not easily enter the silicon nitride films, but can 
easily enter the silicon oxide films. At this time, since the 
oxygen radicals and siliconoxide films react easily, the length 
of entrance is less than in cases of ordinary oxygen gas and 
water vapor, and is typically 10 nm or less. Since the oxygen 
radicals can transform the silicon nitride film Surfaces into 
silicon oxide films, the silicon nitride films provided on the 
upper and lower sides of the region, where the oxygen radi 
cals have entered, can easily be changed into silicon oxide 
films by choosing proper oxidizing process conditions. As a 
result, the oxide films 4a and oxide films 4b, as shown in FIG. 
4, can be formed. Thereafter, isolation insulation films 5 are 
formed in the isolation trenches, and an inter-electrode insu 
lation film and a control electrode film are formed. Further, 
the control electrode film, inter-electrode insulation film and 
floating gate electrode film are patterned, thereby a control 
electrode 7 and a floating gate electrode 3 are formed. 

FIG. 5 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the second embodiment. Specifically, FIG. 5 is a 
cross-sectional view taken along the channel width direction 
(word line direction) of the memory cell transistor of the 
nonvolatile memory. The basic structure is the same as shown 
in FIG. 4. Thus, a detailed description of the parts common to 
those described with reference to FIG. 4 is omitted here. 

In the modification shown in FIG. 5, the nitride films 2b 
and 2c are formed near lower end portions of the floating gate 
electrode 3, and are not formed near a central portion of the 
floating gate electrode 3. Specifically, the nitride film 2c 
includes a pair of portions which are formed near lower ends 
of a pair of side surfaces of the floating gate electrode 3 (i.e. 
a pair of side Surfaces which are parallel in the channellength 
direction), and the pair of portions are spaced apart. Similarly, 
the nitride film 2b, like the nitride film 2c, includes a pair of 
portions which are spaced apart. 

In this modification, too, the same advantageous effects as 
with the memory cell transistor shown in FIG. 4 can be 
obtained. In this modification, however, compared to the 
structure shown in FIG.4, the effect of suppressing the birds 
beak oxidation decreases. It is thus necessary to restrict pro 
cess conditions. Instead, by virtue of the absence of the nitride 
film in the central region of the channel, Scattering of carriers 
flowing in the channel hardly occurs. As a result, the mobility 
of the carriers increases, and the on-current of the transistor 
can be increased. 

Next, the outline of the fabrication process of the semicon 
ductor device shown in FIG. 5 is described. 
To begin with, a tunnel insulation film (silicon oxide film) 

2a is formed on the surface of the semiconductor substrate 1. 
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10 
Subsequently, a phosphorus-doped polysilicon film is formed 
as a floating gate electrode film on the tunnel insulation film 
2a. Then, the floating gate electrode film, tunnel insulation 
film 2a and semiconductor substrate 1 are patterned, thereby 
isolation trenches are formed. 

Thereafter, a thermal nitriding process is performed in an 
atmosphere containing nitric oxide gas. In this thermal nitrid 
ing process, the process conditions are so set that the diffusion 
length of the nitric oxide gas in the silicon oxide film may 
become less than half the channel width. Thereby, the silicon 
nitride film 2b and silicon nitride film 2c, as shown in FIG. 5, 
can be formed. At the same time, silicon oximitride films are 
formed on side surfaces of the isolation trenches. Subse 
quently, an oxidizing process is performed in an atmosphere 
containing oxygen radicals. Thereby, oxide films 4a and 4b 
are formed. In addition, the silicon oximitride films which are 
formed on the side surfaces of the isolation trenches are 
transformed into silicon oxide films, and the isolation trench 
sidewall oxide films 4 are formed. 

After isolationinsulation films 5 are formed in the isolation 
trenches, an inter-electrode insulation film 6 is formed. Fur 
ther, a control electrode film 7 is formed on the inter-electrode 
insulation film 6. Subsequently, the control electrode film 7. 
inter-electrode insulation film 6 and floating gate electrode 
film 3 are patterned, thereby a control electrode 7 and a 
floating gate electrode 3 are formed. 

FIG. 6 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to another 
modification of the second embodiment. Specifically, FIG. 6 
is a cross-sectional view taken along the channel width direc 
tion (word line direction) of the memory cell transistor of the 
nonvolatile memory. The basic structure is the same as shown 
in FIG. 4 and FIG. 5. Thus, a detailed description of the parts 
common to those described with reference to FIG. 4 and FIG. 
5 is omitted here. 

In the modification shown in FIG. 5, each of the oxide films 
4a and 4b has a wedge shape. In the modification shown in 
FIG. 6, each of the oxide films 4a and 4b has a rectangular 
shape. 

In this modification, too, the same advantageous effects as 
with the memory cell transistors shown in FIG. 4 and FIG. 5 
can be obtained. In the structures shown in FIG. 4 and FIG. 5, 
since the angles at lower end corners of the floating gate 
electrode 3 are large (typically, larger than 90 degree), the 
concentration of electric field can be suppressed. In the struc 
ture shown in FIG. 6, since the angles at lower end corners of 
the floating gate electrode 3 are not large, there is a possibility 
that the concentration of electric field may increase. However, 
since no nitride films are present at the regions where the 
electric field concentrates, an increase of off-current due to 
fixed charge hardly occurs. 
The semiconductor device shown in FIG. 6 can be fabri 

cated by a method similar to that shown in FIG. 3. 

Embodiment 3 

FIG. 7 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a third 
embodiment of the present invention. Specifically, FIG. 7 is a 
cross-sectional view taken along a channel length direction 
(bit line direction) of a memory cell transistor of the nonvola 
tile memory. The basic structure is the same as that of the first 
embodiment shown in FIG.1. Thus, a detailed description of 
the parts common to those described with reference to FIG. 1 
is omitted here. 

In the semiconductor device shown in FIG. 7, a pair of 
oxide films 8c is formed on inner sides of the electrode side 
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wall oxide films 8. The pair of oxide films 8c are formed 
between the floating gate electrode 3 and inter-electrode insu 
lation film 6a, and are formed near upper ends of a pair of side 
Surfaces of the floating gate electrode 3 (i.e. a pair of side 
surfaces which are parallel in the channel width direction). 
Each of the oxide films 8c has a wedge shape with a width 
gradually increasing from a lower side toward an upper side. 
In addition, a nitride film 6b is formed on a lower surface of 
the inter-electrode insulation film 6a. The nitride film 6b is 
formed between the floating gate electrode 3 and the inter 
electrode insulation film 6a, and is formed between the pair of 
oxide films 8c. 

Besides, in the semiconductor device shown in FIG. 7, a 
pair of oxide films 8d is formed on inner sides of the electrode 
sidewall oxide films 8. The pair of oxide films 8d are formed 
between the inter-electrode insulation film 6a and the control 
gate electrode 7, and are formed near lower ends of a pair of 
side surfaces of the control gate electrode 7 (i.e. a pair of side 
surfaces which are parallel in the channel width direction). 
Each of the oxide films 8d has a wedge shape with a width 
gradually increasing from an upper side toward a lower side. 
In addition, a nitride film 6c is formed on an upper surface of 
the inter-electrode insulation film 6a. The nitride film 6c is 
formed between the inter-electrode insulation film 6a and the 
control gate electrode 7, and is formed between the pair of 
oxide films 8d. 

In this description, the film 6a is referred to as “inter 
electrode insulation film'. However, a stack film of the films 
6a, 6b and 6c substantially functions as the inter-electrode 
insulation film. 
The nitride film 6b and nitride film 6 care formed of silicon 

nitride films which contain silicon and nitrogen as major 
components. Oxygen may be contained in the silicon nitride 
films. The nitride film 2b and nitride film 2c may be silicon 
oxynitride films having nitrogen concentration higher than 
oxygen concentration. The oxide films 8c, oxide films 8d and 
electrode sidewall oxide films 8 are formed of silicon oxide 
films which contain silicon and oxygenas major components. 
Nitrogen may be contained in the silicon oxide films. 
The inter-electrode insulation film 6a is formed of a silicon 

oxide film which contains silicon and oxygen as major com 
ponents. Nitrogen may be contained in the silicon oxide film. 
The inter-electrode insulation film 6a may be a stack film 
(silicon oxide film/silicon nitride film/silicon oxide film) in 
which a silicon nitride film is interposed between silicon 
oxide films. Alternatively, the inter-electrode insulation film 
6a may be a high dielectric constant oxide film Such as an 
aluminum oxide film (alumina) or a hafnium oxide film 
(hafnia). In short, the inter-electrode insulation film 6a may 
be an oxide film or a stack film including an oxide film. 
As has been described above, in the present embodiment, 

the nitride film 6c is formed on the upper surface of the 
inter-electrode insulation film 6a, and the nitride film 6b is 
formed on the lower surface of the inter-electrode insulation 
film 6a. Progress of birds beak oxidation during the fabrica 
tion process can be prevented by the nitride films 6b and 6c. 
Therefore, non-uniformity in rewriting characteristics of the 
memory cell can be suppressed, and degradation in reliability 
of the memory cell transistor can effectively be suppressed. 

In the present embodiment, the oxide films 8careformed at 
both end portions of the nitride film 6b, and the oxide films 8d 
are formed at both end portions of the nitride film 6c. Spe 
cifically, in the vicinity of the upper end portions of the 
floating gate electrode 3, the oxide films 8c are present 
between the floating gate electrode 3 and the inter-electrode 
insulation film 6a, and the nitride film 6b is not present 
between the floating gate electrode 3 and the inter-electrode 
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insulation film 6a. Similarly, in the vicinity of the lower end 
portions of the control gate electrode 7, the oxide films 8d are 
present between the control gate electrode 7 and the inter 
electrode insulation film 6a, and the nitride film 6c is not 
present between the control gate electrode 7 and the inter 
electrode insulation film 6a. Thus, in the vicinity of the end 
portions of the floating gate electrode 3 and control gate 
electrode 7, there is no charge trap state due to the nitride films 
6b and 6c. Therefore, at the time of the rewriting operation of 
the memory cell, the charge trap amount due to leakage cur 
rent flowing in the end portions of the electrodes can be 
reduced, and the reliability of the memory cell transistor can 
greatly be improved. 

Therefore, the present embodiment can provide a memory 
cell transistor with excellent characteristics and reliability, 
wherein the progress of birds beak oxidation can be sup 
pressed and the charge trap amount can be reduced. 

Next, the outline of the fabrication process of the semicon 
ductor device shown in FIG. 7 is described. 
To begin with, a nitride film (silicon nitride film) 2b, a 

tunnel insulation film (silicon oxide film) 2a and a nitride film 
(silicon nitride film) 2c are successively formed on the sur 
face of the semiconductor Substrate 1. Subsequently, a phos 
phorus-doped polysilicon film is formed as a floating gate 
electrode film on the nitride film 2c. Then, the floating gate 
electrode film, nitride film 2c, tunnel insulation film 2a, 
nitride film 2b and semiconductor substrate 1 are patterned, 
thereby isolation trenches (not shown) are formed. After iso 
lation insulation films (not shown) are formed in the isolation 
trenches, a nitride film (silicon nitride film) 6b, an inter 
electrode insulation film (silicon oxide film or alumina film) 
6a and a nitride film (silicon nitride film) 6c are successively 
formed. Further, a control electrode film 7 is formed on the 
nitride film 6c. Subsequently, the control electrode film 7. 
nitride film 6c, inter-electrode insulation film 6a, nitride film 
6b and floating gate electrode film 3 are patterned, thereby a 
control electrode 7 and a floating gate electrode 3 are formed. 

Thereafter, an oxidizing process is performed in an atmo 
sphere containing oxygen radicals. Thereby, electrode side 
wall oxide films 8 are formed on side surfaces of the elec 
trodes. In addition, by this oxidizing process, oxide films 8a 
and oxide films 8b, 8c and 8d are formed. The oxygen radicals 
can not easily enter the silicon nitride films, but can easily 
enter the oxide films such as silicon oxide films and alumina 
films. At this time, since the oxygen radicals and oxide films 
react easily, the length of entrance is less than in cases of 
ordinary oxygen gas and water vapor, and is typically 10 nm 
or less. Since the oxygen radicals can transform the silicon 
nitride film surfaces into silicon oxide films, the silicon 
nitride films provided on the upper and lower sides of the 
regions, where the oxygen radicals have entered, can easily be 
changed into silicon oxide films by choosing properoxidizing 
process conditions. As a result, the oxide films 8c and oxide 
films 8d, as shown in FIG. 7, can be formed. 

FIG. 8 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the third embodiment. Specifically, FIG. 8 is a 
cross-sectional view taken along the channel length direction 
(bit line direction) of the memory cell transistor of the non 
Volatile memory. The basic structure is the same as shown in 
FIG. 7. Thus, a detailed description of the parts common to 
those described with reference to FIG. 7 is omitted here. 

In the modification shown in FIG. 8, the nitride film 6b is 
formed near upper end portions of the floating gate electrode 
3, and is not formed near a central portion of the floating gate 
electrode 3. Specifically, the nitride film 6b includes a pair of 
portions which are formed near upper ends of a pair of side 
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Surfaces of the floating gate electrode 3 (i.e. a pair of side 
surfaces which are parallel in the channel width direction), 
and the pair of portions are spaced apart. Besides, the nitride 
film 6c is formed near lower end portions of the control gate 
electrode 7, and is not formed near a central portion of the 
control gate electrode 7. Specifically, the nitride film 6c 
includes a pair of portions which are formed near lower ends 
of a pair of side surfaces of the control gate electrode 7 (i.e. a 
pair of side surfaces which are parallel in the channel width 
direction), and the pair of portions are spaced apart. 

In this modification, too, the same advantageous effects as 
with the memory cell transistor shown in FIG. 7 can be 
obtained. In this modification, however, compared to the 
structure shown in FIG. 7, the effect of suppressing the birds 
beak oxidation decreases. It is thus necessary to restrict pro 
cess conditions. Instead, by virtue of the absence of the nitride 
film in the central region of the inter-electrode insulation film 
6a, the electrical capacitance of the substantial inter-electrode 
insulation film comprising the films 6a, 6b and 6c can be 
increased. Therefore, the writeferase operation voltage of the 
memory cell can greatly be decreased. 
The semiconductor device shown in FIG. 8 can be fabri 

cated by combining the fabrication method of FIG. 2 and the 
fabrication method of FIG. 7. 

In the example shown in FIG. 8, each of the oxide films 8c 
and 8d has a wedge shape. Alternatively, like the example 
shown in FIG. 3, each of the oxide films 8c and 8d may be 
formed in a rectangular shape. 

Embodiment 4 

FIG. 9 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a fourth 
embodiment of the present invention. Specifically, FIG. 9 is a 
cross-sectional view taken along a channellength direction of 
a peripheral circuit transistor of a nonvolatile memory. The 
peripheral circuit transistor in this embodiment includes 
select gate transistor. 
The peripheral circuit transistor is formed in a device for 

mation region which is Surrounded by isolation insulation 
films (not shown). Specifically, the peripheral circuit transis 
tor includes a gate insulation film 20a formed on a semicon 
ductor substrate 1, and a gate electrode 70 formed on the gate 
insulation film 20a. A pair of impurity diffusion layers 9, 
which become source? drain regions, are formed in a Surface 
region of the semiconductor Substrate 1. 
A region between the pair of impurity diffusion layers 9 

becomes a channel region. Electrode sidewall oxide films 8 
are formed on sidewalls of the gate electrode 70. Further, the 
peripheral circuit transistoris covered with an interlayer insu 
lation film 10. 
A pair of oxide films 8a are formed on inner sides of the 

electrode sidewall oxide films 8. The pair of oxide films 8a are 
formed between the gate insulation film 20a and the gate 
electrode 70 and are formed near lower ends of a pair of side 
surfaces of the gate electrode 70 (i.e. a pair of side surfaces 
which are parallel in the channel width direction). Each of the 
oxide films 8a has a wedge shape with a width gradually 
increasing from an upper side toward a lower side. 
A nitride film 20c is formed on an upper surface of the gate 

insulation film 20a. The nitride film 20c is formed between 
the gate insulation film 20a and the gate electrode 70, and is 
formed between the pair of oxide films 8a. 
A pair of oxide films 8b are formed on a lower surface of 

the gate insulation film 20a. A distal end of each of the oxide 
films 8b is positioned on the inside of an extension plane of 
the interface between the electrode sidewall oxide film 8 and 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
a lower-layer conductive portion 30 of the gate electrode 70. 
A nitride film 20b is formed on a lower surface of the gate 
insulation film 20a. The nitride film 20b is formed between 
the pair of oxide films 8b. 

In this description, the film 20a is referred to as "gate 
insulation film'. However, a stack film of the films 20a, 20b 
and 20c Substantially functions as the gate insulation film. 
The structure shown in FIG. 9 is an example of the case in 

which the peripheral circuit transistor is formed at the same 
time as the memory cell transistor (e.g. the memory cell 
transistor shown in FIG. 1). Specifically, the lower-layer con 
ductive portion 30 of the gate electrode 70 is formed in the 
same fabrication step as the floating gate electrode. Insulation 
portions 60 are formed in the same fabrication step as the 
inter-electrode insulation film. An upper-layer conductive 
portion 31 of the gate electrode 70 is formed in the same 
fabrication step as the control gate electrode. 
The gate insulation film 20a is formed of a silicon oxide 

film which contains silicon and oxygenas major components. 
Nitrogen may be contained in the silicon oxide film. The 
nitride film 20b and nitride film 20c are formed of silicon 
nitride films which contain silicon and nitrogen as major 
components. Oxygen may be contained in the silicon nitride 
films. The nitride film 2b and nitride film 2c may be silicon 
oxynitride films having nitrogen concentration higher than 
oxygen concentration. The oxide films 8a, oxide films 8b and 
electrode sidewall oxide films 8 are formed of silicon oxide 
films which contain silicon and oxygenas major components. 
Nitrogen may be contained in the silicon oxide films. 
As has been described above, in the present embodiment, 

the nitride film 20c is formed on the upper surface of the gate 
insulation film 20a, and the nitride film 20b is formed on the 
lower surface of the gate insulation film 20a. Progress of 
birds beak oxidation during the fabrication process can be 
prevented by the nitride films 20b and 20c. Therefore, an 
increase of a threshold Voltage and a decrease of the transcon 
ductance of the peripheral circuit transistor can be Sup 
pressed, and degradation of characteristics of the peripheral 
circuit transistor can effectively be Suppressed. 

In the present embodiment, the oxide films 8a are formed at 
both end portions of the nitride film 20c. Specifically, in the 
vicinity of the lower end portions of the gate electrode 70, the 
oxide films 8a are present between the gate electrode 70 and 
the gate insulation film 20a, and the nitride film 20c is not 
present between the gate electrode 70 and the gate insulation 
film 20a. Thus, in the vicinity of the lower end portions of the 
gate electrode 70, there is no charge trap state due to the 
nitride film 20c. Therefore, it is possible to reduce the charge 
trap amount in the vicinity of lower end portions of the gate 
electrode 70 due to hot carriers at the time of the transistor 
operation, and to greatly increase the reliability of the periph 
eral circuit transistor. Moreover, in the present embodiment, 
the oxide films 8b are formed at both end portions of the 
nitride film 20b. Thereby, the charge trap amount in the vicin 
ity of the lower end portions of the gate electrode can further 
be reduced, and the reliability of the peripheral circuit tran 
sistor can greatly be improved. 

Therefore, the present embodiment can provide a periph 
eral circuit transistor with excellent characteristics and reli 
ability, wherein the progress of birds beak oxidation can be 
Suppressed and the charge trap amount can be reduced. 

Next, the outline of the fabrication process of the semicon 
ductor device shown in FIG. 9 is described. 
To begin with, a nitride film (silicon nitride film) 20b, a gate 

insulation film (silicon oxide film) 20a and a nitride film 
(silicon nitride film) 20c are successively formed on the sur 
face of the semiconductor Substrate 1. Subsequently, a gate 
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electrode film, which is composed of, e.g. a phosphorus 
doped polysilicon film, is formed, and the gate electrode film 
is patterned to form a gate electrode 70. 

Thereafter, an oxidizing process is performed in an atmo 
sphere containing oxygen radicals. Thereby, electrode side 
wall oxide films 8 are formed on side surfaces of the gate 
electrode 70. In addition, by this oxidizing process, oxide 
films 8a and oxide films 8b are formed. The oxygen radicals 
can not easily enter the silicon nitride films, but can easily 
enter the silicon oxide films. At this time, since the oxygen 
radicals and silicon oxide films react easily, the length of 
entrance is less than in cases of ordinary oxygen gas and water 
vapor, and is typically 10 nm or less. Since the oxygen radi 
cals can transform the silicon nitride film Surfaces into silicon 
oxide films, the silicon nitride films provided on the upper and 
lower sides of the region, where the oxygen radicals have 
entered, can easily be changed into Silicon oxide films by 
choosing proper oxidizing process conditions. As a result, the 
oxide films 8a and oxide films 8b, as shown in FIG.9, can be 
formed. 

FIG. 10 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi 
fication of the fourth embodiment. Specifically, FIG. 10 is a 
cross-sectional view taken along the channel length direction 
of the peripheral circuit transistor of the nonvolatile memory. 
The basic structure is the same as shown in FIG. 9. Thus, a 
detailed description of the parts common to those described 
with reference to FIG. 9 is omitted here. 

In the modification shown in FIG. 10, the nitride films 20b 
and 20c are formed near lower end portions of the gate elec 
trode 70, and are not formed near a central portion of the gate 
electrode 70. Specifically, the nitride film 20c includes a pair 
of portions which are formed near lower ends of a pair of side 
surfaces of the gate electrode 70 (i.e. a pair of side surfaces 
which are parallel in the channel width direction), and the pair 
of portions are spaced apart. Similarly, the nitride film 20b, 
like the nitride film 20c, includes a pair of portions which are 
spaced apart. 

In this modification, too, the same advantageous effects as 
with the peripheral circuit transistor shown in FIG. 9 can be 
obtained. In this modification, however, compared to the 
structure shown in FIG.9, the effect of suppressing the birds 
beak oxidation decreases. It is thus necessary to restrict pro 
cess conditions. Instead, by virtue of the absence of the nitride 
film in the central region of the channel, Scattering of carriers 
flowing in the channel hardly occurs. As a result, the mobility 
of carriers increases, and the on-current of the transistor can 
be increased. In addition, since the positive fixed charge den 
sity decreases, the threshold Voltage of the transistor rises and 
the off-current can be decreased. 

The semiconductor device shown in FIG. 10 can be fabri 
cated by combining the fabrication method of FIG. 2 and the 
fabrication method of FIG. 9. 

In the example shown in FIG.10, each of the oxide films 8a 
and 8b has a wedge shape. Alternatively, like the example 
shown in FIG. 3, each of the oxide films 8a and 8b may be 
formed in a rectangular shape. 

Embodiment 5 

FIG. 11 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a fifth 
embodiment of the invention. Specifically, FIG. 11 is a cross 
sectional view taken along the channel width direction of a 
peripheral circuit transistor of the nonvolatile memory. The 
basic structure is the same as that of the fourth embodiment 
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shown in FIG. 9. Thus, a detailed description of the parts 
common to those described with reference to FIG. 9 is omit 
ted here. 
As shown in FIG. 11, the peripheral circuit transistor is 

formed in a device formation region which is surrounded by 
isolation insulation films 5. The isolation insulation films 5 
are buried in isolation trenches, and isolation trench sidewall 
insulation films 4 are formed on surfaces of the isolation 
trenches. 
A pair of oxide films 4a and a pair of oxide films 4b are 

formed on inner sides of the isolation trench sidewall insula 
tion films 4. The pair of oxide films 4a are formed between the 
gate insulation film 20a and gate electrode 70 and are formed 
near lower ends of a pair of side surfaces of the gate electrode 
70 (i.e. pair of side surfaces which are parallel in the channel 
length direction). Each of the oxide films 4a has a wedge 
shape with a width gradually increasing from an upper side 
toward a lower side. The pair of oxide films 4b are formed 
between the gate insulation film 20a and the device formation 
region of the semiconductor Substrate 1, and are formed near 
upper ends of a pair of side surfaces of the device formation 
region (i.e. a pair of side Surfaces which are parallel in the 
channel length direction). Each of the oxide films 4b has a 
wedge shape with a width gradually increasing from a lower 
side toward an upper side. 
A nitride film 20c is formed on an upper surface of the gate 

insulation film 20a. The nitride film 20c is formed between 
the gate insulation film 20a and the gate electrode 70, and is 
formed between the pair of oxide films 4a. A nitride film 20b 
is formed on a lower surface of the gate insulation film 20a. 
The nitride film 20b is formed between the gate insulation 
film 20a and the device formation region of the semiconduc 
tor substrate 1, and is formed between the pair of oxide films 
4b. 
The structure shown in FIG. 11 is an example of the case in 

which the peripheral circuit transistor is formed at the same 
time as the memory cell transistor (e.g. the memory cell 
transistor shown in FIG. 4). Specifically, the lower-layer con 
ductive portion 30 of the gate electrode 70 is formed in the 
same fabrication step as the floating gate electrode. The insu 
lation portions 60 are formed in the same fabrication step as 
the inter-electrode insulation film. The upper-layer conduc 
tive portion 31 of the gate electrode 70 is formed in the same 
fabrication step as the control gate electrode. 
The materials of the gate insulation film 20a, nitride film 

20b and nitride film 20c are the same as described in the 
fourth embodiment. The oxide films 4a, oxide films 4b and 
isolation trench sidewall insulation films 4 are formed of 
silicon oxide films which contain silicon and oxygenas major 
components. Nitrogen may be contained in the silicon oxide 
films. 
As has been described above, in the present embodiment, 

the nitride film 20c is formed on the upper surface of the gate 
insulation film 20a, and the nitride film 20b is formed on the 
lower surface of the gate insulation film 20a. Progress of 
birds beak oxidation during the fabrication process can be 
prevented by the nitride films 20b and 20c. Therefore, an 
increase of the threshold voltage and a decrease of the 
transconductance of the peripheral circuit transistor can be 
Suppressed, and degradation in characteristics of the periph 
eral circuit transistor can effectively be suppressed. 

In addition, in the present embodiment, the oxide films 4a 
are formed at both end portions of the nitride film 20c. Spe 
cifically, in the vicinity of the lower end portions of the gate 
electrode 70, the oxide films 4a are present between the gate 
electrode 70 and the gate insulation film 20a, and the nitride 
film 20c is not present between the gate electrode 70 and the 
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gate insulation film 20a. Thus, in the vicinity of the lower end 
portions of the gate electrode 70, there is no positive fixed 
charge or charge trap state due to the nitride film 20c. There 
fore, the off-current of the peripheral circuit transistor can be 
reduced and malfunction can be prevented, and the reliability 5 
of the peripheral circuit transistor can greatly be improved. 
Moreover, in the present embodiment, the oxide films 4b are 
formed at both end portions of the nitride film 20b. Therefore, 
the positive fixed charge and the charge trap state can further 
be reduced, and the reliability of the peripheral circuit tran- 10 
sistor can greatly be improved. 

Therefore, the present embodiment can provide a periph 
eral circuit transistor with excellent characteristics and reli 
ability, wherein the progress of birds beak oxidation can be 
Suppressed and the fixed charge amount can be reduced. 15 
The semiconductor device shown in FIG. 11 can be fabri 

cated by a method similar to the fabrication method illustrated 
in FIG. 4. 

FIG. 12 is a cross-sectional view that schematically shows 
the structure of a semiconductor device according to a modi- 20 
fication of the fifth embodiment. Specifically, FIG. 12 is a 
cross-sectional view taken along the channel width direction 
of the peripheral circuit transistor of the nonvolatile memory. 
The basic structure is the same as shown in FIG. 11. Thus, a 
detailed description of the parts common to those described 25 
with reference to FIG. 11 is omitted here. 

In the modification shown in FIG. 12, the nitride films 20b 
and 20c are formed near lower end portions of the gate elec 
trode 70, and are not formed near a central portion of the gate 
electrode 70. Specifically, the nitride film 20c includes a pair 30 
of portions which are formed near lower ends of a pair of side 
surfaces of the gate electrode 70 (i.e. a pair of side surfaces 
which are parallel in the channel length direction), and the 
pair of portions are spaced apart. Similarly, the nitride film 
20b, like the nitride film 20c, includes a pair of portions which 35 
are spaced apart. 

In this modification, too, the same advantageous effects as 
with the peripheral circuit transistor shown in FIG. 11 can be 
obtained. In this modification, however, compared to the 
structure shown in FIG. 11, the effect of suppressing the 40 
birds beak oxidation decreases. It is thus necessary to restrict 
process conditions. Instead, by virtue of the absence of the 
nitride film in the central region of the channel, Scattering of 
carriers flowing in the channel hardly occurs. As a result, the 
mobility of carriers increases, and the on-current can be 45 
increased. 
The semiconductor device shown in FIG. 12 can be fabri 

cated by a method similar to the fabrication method illustrated 
in FIG. 5. 

In the example shown in FIG. 12, each of the oxide films 4a 50 
and 4b has a wedge shape. Alternatively, like the example 
shown in FIG. 6, each of the oxide films 4a and 4b may be 
formed in a rectangular shape. 

Embodiment 6 55 

FIG. 13A and FIG. 13B are cross-sectional views which 
schematically show the structure of a semiconductor device 
according to a sixth embodiment of the invention. FIG. 13A is 
a cross-sectional view taken along a channel length direction 60 
of a memory cell transistor of the nonvolatile memory, and 
FIG. 13B is a cross-sectional view taken along a channel 
length direction of a peripheral circuit transistor of the non 
volatile memory. The memory cell transistor shown in FIG. 
13A and the peripheral circuit transistor shown in FIG. 13B 65 
are formed on the same Substrate and constitute the same 
nonvolatile memory. A detailed description of the parts com 
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mon to those described in the preceding embodiments is 
omitted here. The peripheral circuit transistor in this embodi 
ment includes select gate transistor. 
The basic structure of the memory cell transistor shown in 

FIG. 13A is similar to that of the memory cell transistor 
shown in FIG. 1. However, in the memory cell transistor of 
this embodiment, the oxide films 8a and 8b shown in FIG. 1 
are not formed. 
The basic structure of the peripheral circuit transistor 

shown in FIG. 13B is similar to that of the peripheral circuit 
transistor shown in FIG.10. However, in the peripheral circuit 
transistor of this embodiment, the oxide films 8a and 8b 
shown in FIG. 10 are not formed. 
The memory cell transistor shown in FIG. 13A and the 

peripheral circuit transistor shown in FIG. 13B are formed at 
the same time by using common fabrication steps. Specifi 
cally, the lower-layer conductive portion 30 of the gate elec 
trode 70 of the peripheral circuit transistor is formed in the 
same fabrication step as the floating gate electrode 3 of the 
memory cell transistor. The insulation portion 60 of the 
peripheral circuit transistor is formed in the same fabrication 
step as the inter-electrode insulation film 6 of the memory cell 
transistor. The upper-layer conductive portion 31 of the gate 
electrode 70 of the peripheral circuit transistor is formed in 
the same fabrication step as the control gate electrode 7 of the 
memory cell transistor. 
As shown in FIG. 13A, in the memory cell transistor, the 

nitride film 2c is formed on the entire lower surface of the 
floating gate electrode 3, and the nitride film 2b is formed on 
the entire lower surface of the tunnel insulation film 2a. By 
contrast, as shown in FIG. 13B, in the peripheral circuit 
transistor, the nitride film 20c is formed near lower end por 
tions of the gate electrode 70, and is not formed near a central 
portion of the gate electrode 70. Specifically, the nitride film 
20c includes a pair of portions which are formed near lower 
ends of a pair of side surfaces of the gate electrode 70 (i.e. a 
pair of side surfaces which are parallel in the channel width 
direction), and the pair of portions are spaced apart. Similarly, 
the nitride film 20b, like the nitride film 20c, includes a pair of 
portions which are spaced apart. 

In the present embodiment, too, since progress of birds 
beak oxidation can be suppressed by the nitride films, the 
problem resulting from the progress of the birds beak oxi 
dation can be prevented. Specifically, in the memory cell 
transistor, an increase of a writeferase operation Voltage can 
be suppressed, and degradation in reliability of the memory 
cell transistor can effectively be suppressed. Moreover, in the 
peripheral circuit transistor, an increase of the threshold volt 
age and a decrease of the transconductance can be Sup 
pressed. 

In the peripheral circuit transistor, since the nitride film is 
not provided in the central region of the channel, Scattering of 
carriers flowing in the channel hardly occurs. As a result, the 
mobility of carriers increases, and the on-current can be 
increased. In addition, since the fixed charge density 
decreases, the threshold voltage of the transistor rises and the 
off-current can be decreased. 

In the present embodiment, therefore, the problem result 
ing from the progress of the birds beak oxidation can be 
prevented, and the on-current can be increased and the off 
current can be decreased in the peripheral circuit transistor. 

FIG. 14A and FIG. 14B are cross-sectional views which 
schematically show the structure of a semiconductor device 
according to a modification of the sixth embodiment. FIG. 
14A is a cross-sectional view taken along the channel length 
direction of the memory cell transistor of the nonvolatile 
memory, and FIG. 14B is a cross-sectional view taken along 
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the channellength direction of the peripheral circuit transistor 
of the nonvolatile memory. The basic structure is the same as 
that shown in FIGS. 13A and 13B. A detailed description of 
the parts, which have already been described, is omitted here. 
As shown in FIG. 14A, the memory cell transistor has the 

same structure as the memory cell transistor shown in FIG.1. 
Therefore, the same advantageous effects as with the memory 
cell transistor shown in FIG. 1 can be obtained. As shown in 
FIG. 14B, the peripheral circuit transistor has the same struc 
ture as the peripheral circuit transistor shown in FIG. 10. 
Therefore, the same advantageous effects as with the periph 
eral circuit transistor shown in FIG. 10 can be obtained. In 
addition, since the basic structure is the same as the above 
described structure shown in FIGS. 13A and 13B, the same 
advantageous effects as with the structure described with 
reference to FIG. 13A and FIG. 13B can be obtained. 

FIG. 15A and FIG. 15B are cross-sectional views which 
schematically show the structure of a semiconductor device 
according to another modification of the sixth embodiment. 
FIG. 15A is a cross-sectional view taken along the channel 
length direction of the memory cell transistor of the nonvola 
tile memory, and FIG. 15B is a cross-sectional view taken 
along the channel length direction of the peripheral circuit 
transistor of the nonvolatile memory. The basic structure is 
the same as that shown in FIGS. 13A and 13B. A detailed 
description of the parts, which have already been described, is 
omitted here. 
As shown in FIG. 15A, the memory cell transistor has the 

same structure as the memory cell transistor shown in FIG.7. 
Therefore, the same advantageous effects as with the memory 
cell transistor shown in FIG. 7 can be obtained. As shown in 
FIG. 15B, the structure of the peripheral circuit transistor is 
similar to the structure of the peripheral circuit transistor 
shown in FIG. 10. Therefore, the same advantageous effects 
as with the peripheral circuit transistor shown in FIG. 10 can 
be obtained. In addition, since the basic structure is the same 
as the above-described structure shown in FIGS. 13A and 
13B, the same advantageous effects as with the structure 
described with reference to FIG. 13A and FIG. 13B can be 
obtained. 

Embodiment 7 

FIG. 16A and FIG. 16B are cross-sectional views which 
schematically show the structure of a semiconductor device 
according to a seventh embodiment of the invention. FIG. 
16A is a cross-sectional view taken along the channel width 
direction of the memory cell transistor of the nonvolatile 
memory, and FIG. 16B is a cross-sectional view taken along 
the channel width direction of the peripheral circuit transistor 
of the nonvolatile memory. The memory cell transistor shown 
in FIG. 16A and the peripheral circuit transistor shown in 
FIG.16B are formed on the same substrate and constitute the 
same nonvolatile memory. A detailed description of the parts, 
which have already been described in the preceding embodi 
ments, is omitted here. 
The basic structure of the memory cell transistor shown in 

FIG. 16A is similar to the structure of the memory cell tran 
sistor shown in FIG. 4. In the memory cell transistor of the 
present embodiment, however, the oxide films 4a and 4b 
shown in FIG. 4 are not formed. 
The basic structure of the peripheral circuit transistor 

shown in FIG. 16B is similar to the structure of the peripheral 
circuit transistor shown in FIG. 12. In the peripheral circuit 
transistor of the present embodiment, however, the oxide 
films 4a and 4b shown in FIG. 12 are not formed. 
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The memory cell transistor shown in FIG. 16A and the 

peripheral circuit transistor shown in FIG. 16B are formed at 
the same time by using common fabrication steps. Specifi 
cally, the lower-layer conductive portion 30 of the gate elec 
trode 70 of the peripheral circuit transistor is formed in the 
same fabrication step as the floating gate electrode 3 of the 
memory cell transistor. The insulation portion 60 of the 
peripheral circuit transistor is formed in the same fabrication 
step as the inter-electrode insulation film 6 of the memory cell 
transistor. The upper-layer conductive portion 31 of the gate 
electrode 70 of the peripheral circuit transistor is formed in 
the same fabrication step as the control gate electrode 7 of the 
memory cell transistor. 
As shown in FIG. 16A, in the memory cell transistor, the 

nitride film 2c is formed on the entire lower surface of the 
floating gate electrode 3, and the nitride film 2b is formed on 
the entire lower surface of the tunnel insulation film 2a. By 
contrast, as shown in FIG. 16B, in the peripheral circuit 
transistor, the nitride film 20c is formed near lower end por 
tions of the gate electrode 70, and is not formed near a central 
portion of the gate electrode 70. Specifically, the nitride film 
20c includes a pair of portions which are formed near lower 
ends of a pair of side surfaces of the gate electrode 70 (i.e. a 
pair of side Surfaces which are parallel in the channel length 
direction), and the pair of portions are spaced apart. Similarly, 
the nitride film 20b, like the nitride film 20c, includes a pair of 
portions which are spaced apart. 

In the present embodiment, too, since progress of birds 
beak oxidation can be suppressed by the nitride films, the 
problem resulting from the progress of the birds beak oxi 
dation can be prevented. Specifically, in the memory cell 
transistor, an increase of a writeferase operation voltage can 
be suppressed, and degradation in reliability of the memory 
cell transistor can effectively be suppressed. Moreover, in the 
peripheral circuit transistor, an increase of the threshold volt 
age and a decrease of the transconductance can be Sup 
pressed. 

In the peripheral circuit transistor, since the nitride film is 
not provided in the central region of the channel, Scattering of 
carriers flowing in the channel hardly occurs. As a result, the 
mobility of carriers increases, and the on-current can be 
increased. In addition, since the positive fixed charge density 
decreases, the threshold voltage of the transistor rises and the 
off-current can be decreased. 

In the present embodiment, therefore, the problem result 
ing from the progress of the birds beak oxidation can be 
prevented, and the on-current can be increased and the off 
current can be decreased in the peripheral circuit transistor. 

FIG. 17A and FIG. 17B are cross-sectional views which 
schematically show the structure of a semiconductor device 
according to a modification of the seventh embodiment. FIG. 
17A is a cross-sectional view taken along the channel width 
direction of the memory cell transistor of the nonvolatile 
memory, and FIG. 17B is a cross-sectional view taken along 
the channel width direction of the peripheral circuit transistor 
of the nonvolatile memory. The basic structure is the same as 
that shown in FIGS. 16A and 16B. A detailed description of 
the parts, which have already been described, is omitted here. 
As shown in FIG. 17A, the memory cell transistor has the 

same structure as the memory cell transistor shown in FIG. 4. 
Therefore, the same advantageous effects as with the memory 
cell transistor shown in FIG. 4 can be obtained. As shown in 
FIG. 17B, the peripheral circuit transistor has the same struc 
ture as the peripheral circuit transistor shown in FIG. 12. 
Therefore, the same advantageous effects as with the periph 
eral circuit transistor shown in FIG. 12 can be obtained. In 
addition, since the basic structure is the same as the above 
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described structure shown in FIGS. 16A and 16B, the same 
advantageous effects as with the structure described with 
reference to FIG. 16A and FIG. 16B can be obtained. 

Embodiment 8 

FIG. 18A and FIG. 18B through FIG. 21A and FIG. 21B 
are cross-sectional views which schematically illustrate a 
method of fabricating a semiconductor device according to an 
eighth embodiment of the invention. FIG. 18A to FIG. 21A 
are cross-sectional views taken along the channel length 
direction of a memory cell transistor of a nonvolatile memory, 
and FIG. 18B to FIG. 21B are cross-sectional views taken 
along the channel length direction of a peripheral circuit 
transistor of the nonvolatile memory. The memory cell tran 
sistor shown in FIG. 18A to 21A and the peripheral circuit 
transistor shown in FIG. 18B to 21B are formed on the same 
Substrate and constitute the same nonvolatile memory. A 
detailed description of the parts, which have already been 
described in the preceding embodiments, is omitted here. The 
peripheral circuit transistor in this embodiment includes 
select gate transistor. 
To begin with, as shown in FIG. 18A and FIG. 18B, a 

silicon oxide film 102a, which becomes a tunnel insulation 
film, and a silicon oxide film 120a, which becomes a gate 
insulation film, are formed on the Surface of a silicon Sub 
strate (semiconductor substrate) 101 by, for example, thermal 
oxidation. The silicon oxide films 102a and 120a may be 
formed at the same time with the same film kind and the same 
film thickness, or may be formed independently with differ 
ent film kinds and different film thicknesses. Subsequently, a 
silicon film 103 such as a phosphorus-doped polysilicon film, 
which becomes a floating gate electrode, and a silicon film 
130 such as a phosphorus-doped polysilicon film, which 
becomes a lower-layer conductive portion of a gate electrode, 
are formed by, for example, CVD (chemical vapor deposi 
tion). The silicon films 103 and 130 may be formed at the 
same time with the same film thickness, or may be formed 
independently with different film thicknesses. Further, a stack 
insulation film 106a, which is composed of a silicon oxide 
film/silicon nitride film/silicon oxide film, is formed by, e.g. 
CVD. Using a photoresist (not shown) as a mask, the stack 
insulation film 106a is partly etched away, and an opening 
portion 170a is formed. 

In a subsequent step, as shown in FIG. 19A and FIG. 19B, 
a silicon film 107 is formed by, e.g. CVD. Then, using, for 
example, a photoresist (not shown) as a mask, the silicon film 
107, stack insulation film 106a, silicon films 103 and 130 are 
partly etched away. Thereby, a floating gate electrode 103 and 
a control gate electrode 107 of the memory cell transistor and 
a gate electrode 170 of the peripheral circuit transistor are 
formed. The gate length L1 of the memory cell transistor is 
typically set at about 50 nm or less. On the other hand, the gate 
length L2 of the peripheral circuit transistoris set to be greater 
than L1. L2 is typically set at 1.2 or more times greater than 
L1, and preferably at twice or more greater than L1. 

Thereafter, as shown in FIG. 20A and FIG.20B, a thermal 
nitriding process is performed in an atmosphere containing 
nitric oxide gas as a nitriding agent at high temperatures of 
about 700° C. to about 1000°C. The temperature and time of 
the thermal nitriding process are so set that the diffusion 
length of the nitric oxide gas in silicon oxide films may 
become greater than half the length L1 and less than half the 
length L2. Thereby, silicon nitride films 108fare formed on 
exposed surfaces of the silicon films 103, 130 and 107. In 
addition, silicon nitride films 102c and 102b are formed on 
upper and lower surfaces of the silicon oxide film 102a. In 
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addition, silicon nitride films 106c and 106b are formed on 
upper and lower surfaces of the stack insulation film 106a. 
Furthermore, silicon nitride films 120c and 120b are formed 
on upper and lower surfaces of the silicon oxide film 120a. 
The silicon nitride films 120c and 120b, however, are formed 
near end portions of the channel region, and are not formed in 
a central portion of the channel region. 

Next, as shown in FIG. 21A and FIG. 21B, a radical oxi 
dizing process is performed in an atmosphere containing 
oxygen radicals as an oxidizing agent. Thereby, the silicon 
nitride films 108f which are formed on the exposed surfaces 
of the silicon films 103, 130 and 107 are transformed into 
silicon oxide films 108. 

FIG. 22 is an enlarged view showing the vicinity of the 
tunnel insulation film 102a of the memory cell transistor or 
the vicinity of the gate insulation film 120a of the peripheral 
circuit transistor, which has been subjected to the radical 
oxidizing process. 
At the time of the radical oxidizing process, the oxygen 

radicals are diffused into the silicon oxide films 102a, 120a 
and 108. Hence, the lower end portions of the floating gate 
electrode 103 and the lower end portions of the gate electrode 
130 are oxidized, and silicon oxide films 108a are formed in 
a birds beak shape. In addition, the surfaces of the silicon 
nitride films 102b and 120b are oxidized, and silicon oxide 
films 108b are formed. 
As shown in FIG. 23, by adjusting the diffusion length of 

oxygen radicals, the silicon nitride films 102b and 120b over 
the entire thickness thereof may also be transformed into 
silicon oxide film 108b. 

FIG. 24 is an enlarged view showing the vicinity of the 
inter-electrode insulation film 106a of the memory cell tran 
sistor, which has been subjected to the radical oxidizing pro 
cess. At the time of the radical oxidizing process, the oxygen 
radicals are diffused into the siliconoxide films 106a and 108. 
Hence, the upper end portions of the floating gate electrode 
103 and the lower end portions of the control gate electrode 
107 are oxidized, and silicon oxide films 108c and 108d are 
formed in a birds beak shape. 

Although Subsequent fabrication steps are not shown, 
impurity diffusion layers (not shown) are formed by, for 
example, an ion implantation method. Thereafter, an inter 
layer insulation film (not shown) is formed by, e.g. CVD, and 
wiring lines, etc. are formed by well-known methods. 

In the fabrication method of the present embodiment, the 
memory cell transistor structure with the gate length L1 and 
the peripheral circuit transistor structure with the gate length 
L2 that is greater than L1 are formed. The nitride films 102b, 
102c, 106b, 106C, 120 band 120c are formed at the same time 
under the thermal nitriding condition that the diffusion length 
of the nitriding agent in the tunnel insulation film and gate 
insulation film may become greater than half the length L1 
and less than half the length L2. Thereby, the nonvolatile 
memory as shown in the sixth embodiment can easily be 
fabricated with a small number of fabrication steps. 

In the case where the nitride films are formed by using the 
thermal nitriding process as in the present embodiment, the 
nitride films are formed on the sidewall regions of the floating 
gate electrode 103, control gate electrode 107 and gate elec 
trode 170. Since the nitride films at the sidewall regions 
increase the charge trap amount and positive fixed charge 
amount at the end portions of the electrodes, degradation in 
reliability or malfunction may occur. In addition, the dielec 
tric constant of the nitride film is higher than that of the oxide 
film. As a result, the nitride film increases the parasitic capaci 
tance between the gate electrode and the impurity diffusion 
layer or the parasitic capacitance between neighboring tran 
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sistors, leading to a decrease in operation speed or malfunc 
tion. In the present embodiment, the oxygen radical oxidation 
is performed after the nitride films 102b, 102c, 106b, 106c, 
120b and 120c are formed. Thereby, the nitride films 108?. 
which are formed on the sidewalls of the floating gate elec 
trode 103, control gate electrode 107 and gate electrode 170, 
are transformed into the oxide films 108. Thus, the above 
described degradation in reliability and the transistor mal 
function can be avoided. 
The tunnel insulation film 102a, gate insulation film 120a 

and inter-electrode insulation film 106a are not limited to 
silicon oxide films. Other kinds of insulation materials, in 
which a nitriding agent can easily be diffused, are usable. For 
example, a silicon oxide film containing nitrogen is usable. A 
high dielectric constant oxide film, Such as an alumina film or 
a hafnia film, is usable. The nitriding agent is not limited to 
nitric oxygen gas. Other kinds of nitriding agents, which 
diffuse into insulative materials and form nitride films on 
surfaces of the substrate and electrodes, are usable. For 
example, nitrous oxide gas, ammonia gas or nitrogen radicals 
are usable. The method of forming nitride films is not limited 
to the thermal nitridation. 

Oxidizing species for transforming the nitride films, which 
are formed on the sidewalls of the gate electrode, into oxide 
films, are not limited to oxygen radicals. Other kinds of oxi 
dizing species, which enter insulative materials within Small 
length, are usable. For example, excited-state or ground-state 
oxygenatoms, excited-state or ground-state hydroxyls (OH), 
excited-state oxygen molecules, excited-state water mol 
ecules and oZone molecules are usable. Electrically neutral 
oxidizing species and charged oxidizing species are also 
usable. 
As regards the method of generating oxygen radicals, a 

mixture gas of oxygen and argon may be subjected to micro 
wave discharge, and radical oxidizing species, such as 
excited-state oxygen molecules and oxygen atoms, may be 
generated, or some other oxygen-containing gas and inert gas 
may be combined. Besides, hydroxyls may be generated by 
mixing with hydrogen-containing gas such as hydrogen gas. 
Moreover, radical oxidizing species may be generated by 
other plasma methods such as radio-frequency (RF) dis 
charge. Oxygen gas and hydrogen gas may be introduced into 
a reaction furnace and caused to thermally react, thereby 
generating radical oxidizing species such as hydroxyls. Fur 
thermore, like a remote plasma method oran oZone oxidizing 
method, a place where radical oxidizing species are generated 
may be different from a place where a silicon substrate is 
Subjected to a radical oxidizing process. 

Embodiment 9 

FIG. 25A and FIG. 25B through FIG. 27A and FIG. 27B 
are cross-sectional views which schematically illustrate a 
method of fabricating a semiconductor device according to a 
ninth embodiment of the invention. FIG. 25A to FIG. 27A are 
cross-sectional views taken along the channel width direction 
of a memory cell transistor of a nonvolatile memory, and FIG. 
25B to FIG. 27B are cross-sectional views taken along the 
channel width direction of a peripheral circuit transistor of the 
nonvolatile memory. The memory cell transistor shown in 
FIG. 25A to 27A and the peripheral circuit transistor shown in 
FIG. 25B to 27B are formed on the same substrate and con 
stitute the same nonvolatile memory. A detailed description of 
the parts, which have already been described in the preceding 
embodiments, is omitted here. 

To begin with, as shown in FIG. 25A and FIG. 25B, a 
silicon oxide film 102a, which becomes a tunnel insulation 
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24 
film, and a silicon oxide film 120a, which becomes a gate 
insulation film, are formed on the Surface of a silicon Sub 
strate 101 by, for example, thermal oxidation. The silicon 
oxide films 102a and 120a may be formed at the same time 
with the same film kind and the same film thickness, or may 
beformed independently with different film kinds and differ 
ent film thicknesses. Subsequently, a silicon film 103 such as 
a phosphorus-doped polysilicon film, which becomes a float 
ing gate electrode, and a silicon film 130 such as a phospho 
rus-doped polysilicon film, which becomes a lower-layer 
conductive portion of a gate electrode, are formed by, for 
example, CVD. The silicon films 103 and 130 may beformed 
at the same time with the same film thickness, or may be 
formed independently with different film thicknesses. 

Subsequently, a silicon nitride film, which becomes an 
etching mask 201, is formed by, e.g. CVD. Then, using, for 
example, a photoresist (not shown) as a mask, the silicon 
nitride film 201, silicon films 103 and 130 and silicon oxide 
films 102a and 120a are partly etched away. Further, exposed 
portions of the silicon substrate 101 are etched away, and 
isolation trenches 202 are formed. The gate width W1 of the 
memory cell transistor is typically set at about 50 nm or less. 
On the other hand, the gate width W2 of the peripheral circuit 
transistoris set to be greater than W1. W2 is typically set at 1.2 
or more times greater than W1, and preferably at twice or 
more greater than W1. 

Thereafter, as shown in FIG. 26A and FIG. 26B, a thermal 
nitriding process is performed in an atmosphere containing 
nitric oxide gas as a nitriding agent at high temperatures of 
about 700° C. to about 1000°C. The temperature and time of 
the thermal nitriding process are so set that the diffusion 
length of the nitric oxide gas in silicon oxide films may 
become greater than half the width W1 and less than half the 
width W2. Thereby, silicon nitride films 104fare formed on 
exposed surfaces of the silicon films 103 and 130 and on 
exposed surfaces of the silicon substrate 101. In addition, 
silicon nitride films 102c and 102b are formed on upper and 
lower surfaces of the silicon oxide film 102a. In addition, 
silicon nitride films 120c and 120b are formed on upper and 
lower surfaces of the silicon oxide film 120a. The silicon 
nitride films 120c and 120b, however, are formed near end 
portions of the channel region, and are not formed in a central 
portion of the channel region. 

Next, as shown in FIG. 27A and FIG. 27B, a radical oxi 
dizing process is performed in an atmosphere containing 
oxygen radicals as an oxidizing agent. Thereby, the silicon 
nitride films 104f which are formed on the exposed surfaces 
of the silicon films 103 and 130 and on the exposed surfaces 
of the silicon substrate 101, are transformed into siliconoxide 
films 104. 

FIG. 28 is an enlarged view showing the vicinity of the 
tunnel insulation film 102a of the memory cell transistor or 
the vicinity of the gate insulation film 120a of the peripheral 
circuit transistor, which has been subjected to the radical 
oxidizing process. 
At the time of the radical oxidizing process, the oxygen 

radicals are diffused into the silicon oxide films 102a, 120a 
and 104. Hence, the lower end portions of the floating gate 
electrode 103, the lower endportions of the gate electrode 130 
and the upper end portions of the silicon substrate 101 are 
oxidized, and siliconoxide films 104a and 104b are formed in 
a birds beak shape. 

Although Subsequent fabrication steps are not shown, iso 
lation insulation films (not shown) are buried in the isolation 
trenches 202, for example, by a coating method. Further, 
surface planarization is performed, for example, by CMP 
(Chemical Mechanical Polishing), and upper surfaces of the 
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silicon films 103 and 130 are exposed. Subsequently, the 
method of the eighth embodiment, for instance, is carried out, 
and the memory cell transistor and the peripheral circuit 
transistor are completely fabricated. 

In the fabrication method of the present embodiment, the 
memory cell transistor structure with the gate width W1 and 
the peripheral circuit transistor structure with the gate width 
W2 that is greater than W1 are formed. The nitride films 102b, 
102c, 120b and 120c are formed at the same time under the 
thermal nitriding condition that the diffusion length of the 
nitriding agent in the tunnel insulation film and gate insula 
tion film may become greater than half the width W1 and less 
than half the width W2. Thereby, the nonvolatile memory as 
shown in the seventh embodiment can easily be fabricated 
with a small number of fabrication steps. 

In the case where the nitride films are formed by using the 
thermal nitriding process as in the present embodiment, the 
nitride films 104fare formed in the sidewall regions of the 
floating gate electrode 103 and the lower-layer conductive 
portion 130 of the gate electrode, and on the side surfaces and 
bottom surfaces of the silicon substrate 101. Since the nitride 
films in the sidewall regions increase the fixed charge amount, 
malfunction of the transistor may occur. In addition, the 
dielectric constant of the nitride film is higher than that of the 
oxide film. As a result, the nitride film increases the parasitic 
capacitance between neighboring transistors, leading to a 
decrease in operation speed or malfunction. In the present 
embodiment, the oxygen radical oxidation is performed after 
the nitride films 102b, 102c, 120b and 120c are formed. 
Thereby, the nitride films 104fare transformed into the oxide 
films 104. Thus, the above-described problem, such as mal 
function of the transistor, can be avoided. 
The tunnel insulation film 102a and gate insulation film 

120a are not limited to silicon oxide films. Other kinds of 
insulation materials, in which a nitriding agent can easily be 
diffused, are usable. For example, a silicon oxide film con 
taining nitrogen is usable. A high dielectric constant oxide 
film, Such as an alumina film or a hafnia film, is usable. The 
nitriding agent is not limited to nitric oxygen gas. Other kinds 
of nitriding agents, which diffuse into insulative materials and 
form nitride films on surfaces of the substrate and electrodes, 
are usable. For example, nitrous oxide gas, ammonia gas or 
nitrogen radicals are usable. The method of forming nitride 
films is not limited to the thermal nitridation. 
As regards the radical oxidation process for transforming 

the nitride films into oxide films, the method, which has been 
described in the eighth embodiment, is applicable. 

In the above-described first to ninth embodiments, silicon 
(Si) is used as the material of the semiconductor substrate and 
electrodes (floating gate electrode, control gate electrode and 
gate electrode). Alternatively, silicon germanium (SiGe), etc. 
may be used. 

Additional advantages and modifications will readily 
occur to those skilled in the art. Therefore, the invention in its 
broader aspects is not limited to the specific details and rep 
resentative embodiments shown and described herein. 
Accordingly, various modifications may be made without 
departing from the spirit or scope of the general inventive 
concept as defined by the appended claims and their equiva 
lents. 
What is claimed is: 
1. A semiconductor device comprising: 
a memory cell transistor including: 

a tunnel insulation film formed on a semiconductor Sub 
Strate; 

a floating gate electrode formed on the tunnel insulation 
film; 
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26 
an inter-electrode insulation film formed on the floating 

gate electrode: 
a control gate electrode formed on the inter-electrode 

insulation film; and 
a first nitride film which is formed between the tunnel 

insulation film and the floating gate electrode; and 
a peripheral circuit transistor including: 

a gate insulation film formed on the semiconductor Sub 
Strate; 

a gate electrode formed on the gate insulation film; and 
a pair of second nitride films which are formed between 

the gate insulation film and the gate electrode and 
which are formed near lower end portions of a pair of 
side surfaces of the gate electrode, which are parallel 
in one of a channel width direction and a channel 
length direction, the pair of second nitride films being 
spaced apart from each other, 

wherein the pair of second nitride films are formed near 
lower end portions of a pair of side Surfaces of the gate 
electrode, which are parallel in the channel width direc 
tion, 

the memory cell transistor further includes a pair of first 
oxide films which are formed between the tunnel insu 
lation film and the floating gate electrode and are formed 
near lower end portions of a pair of side surfaces of the 
floating gate electrode, which are parallel in a channel 
width direction, 

the first nitride film is formed between the pair of first oxide 
films, 

the peripheral circuit transistor further includes a pair of 
second oxide films which are formed between the gate 
insulation film and the gate electrode and are formed 
near lower end portions of a pair of side surfaces of the 
gate electrode, which are parallel in the channel width 
direction, and 

the second nitride film is formed between the pair of second 
oxide films. 

2. The device according to claim 1, wherein 
a width in a channel length direction of the gate electrode is 

greater than a width in a channel length direction of the 
floating gate electrode. 

3. A semiconductor device comprising: 
a memory cell transistor including: 

a tunnel insulation film formed on a semiconductor Sub 
Strate; 

a floating gate electrode formed on the tunnel insulation 
film; 

an inter-electrode insulation film formed on the floating 
gate electrode: 

a control gate electrode formed on the inter-electrode 
insulation film; and 

a first nitride film which is formed between the tunnel 
insulation film and the floating gate electrode; and 

a peripheral circuit transistor including: 
a gate insulation film formed on the semiconductor Sub 

Strate; 
a gate electrode formed on the gate insulation film; and 
a pair of second nitride films which are formed between 

the gate insulation film and the gate electrode and 
which are formed near lower end portions of a pair of 
side surfaces of the gate electrode, which are parallel 
in one of a channel width direction and a channel 
length direction, the pair of second nitride films being 
spaced apart from each other, 

wherein 
the memory cell transistor further includes a pair of first 

oxide films which are formed between the tunnel insu 
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lation film and the floating gate electrode and are formed 
near lower end portions of a pair of side surfaces of the 
floating gate electrode, which are parallel in a channel 
length direction, 

the first nitride film is formed between the pair of first oxide 5 
films, 

the peripheral circuit transistor further includes a pair of 
second oxide films which are formed between the gate 
insulation film and the gate electrode and are formed 
near lower end portions of a pair of side surfaces of the 

28 
gate electrode, which are parallel in the channel length 
direction, and 

the second nitride film is formed between the pair of second 
oxide films. 

4. The device according to claim 3, wherein 
a width in a channel width direction of the gate electrode is 

greater than a width in a channel width direction of the 
floating gate electrode. 
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